usage of mercury and its compounds in industry and the steadily increased use of fossil fuels. Moreover, bacteria in the natural environment can convert inorganic mercury to neurotoxic methylmercury, which can be bio-accumulated through the food chains [7, 8] . Therefore, mercury and its compounds are potential threats to the public health. According to the USA Environmental Protection Agency, the standards for the maximum allowable levels of Zn 2+ and Hg 2+ in drinking water are 7.7×10 -8 M and 1.0×10 -8 M, respectively. Thus developing a sensing method for such low concentrations of Zn 2+ and Hg 2+ in aqueous solution is of great importance.
and Hg 2+ in drinking water are 7.7×10 -8 M and 1.0×10 -8 M, respectively. Thus developing a sensing method for such low concentrations of Zn 2+ and Hg 2+ in aqueous solution is of great importance.
Traditional laboratory techniques for the detection of metal ions include atomic absorption spectrometry [9] , inductively coupled plasma-atomic emission spectrometry [10] , and inductively coupled plasma-mass spectrometry [11] , which are generally costly and time-consuming because of their tedious and complex sample pre-treatments. It is therefore exigent to develop simple, rapid and inexpensive methods for detection of heavy metal ions.
Fluorescence sensor has advantages of low cost, simplicity and high sensitivity. Indeed, designing fluorophore-based chemo-sensors for heavy metal ions has gained special attention [12] . Up to now, several fluorescence sensors for Zn 2+ and Hg 2+ have been developed [13] [14] [15] [16] . However, for these fluorescence-based sensors, both external environment and the instrument itself can readily affect the test results. To solve this problem, ratiometric fluorescent sensors have been favourably devised [17] [18] [19] [20] [21] [22] [23] [24] . Furthermore, to improve the detection sensitivity, a new trend is to apply nanoparticles (NPs) in sensor designs [25, 26] . It has been reported that the solubility of small organic molecules (fluorophores) in water solution can be improved by 
INTRODUCTION
Zinc plays important roles in various biological processes, such as gene transcription [1] and metalloenzymes [2] , and is involved in both extra-and intra-cellular functions. However, irregular intake of Zn 2+ can cause Alzheimer's disease [3] [4] [5] and Parkinson's disease [6] . On the other hand, Hg 2+ is highly toxic, but the concentration of mercury ions has been increasing rapidly in the environmental air, soil and water in the past decades, due to the expanded © Science China Press and Springer-Verlag Berlin Heidelberg 2015
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coupling them with nanostructures [27] . Recently, N-(quinolin-8-yl)-2-(3-(triethoxysilyl-propylamino)-acetamide (QIOEt), a substance which can chelate Zn 2+ , has bee n synthesized and coupled with silica-NPs [28] , ordered mesoporous silica material (MCM-41) [29] and silicon nanowires [30] , and they all show remarkably improved sensitivity to Zn 2+ than QIOEt alone. Moreover, to ensure the recovery of the sensor materials, magnetic NPs were used. For example, recyclable and bio-safe magnetic RhoFe 3 O 4 @SiO 2 NPs were employed in the Hg 2+ sensor design [31] and magnetic gold NPs in surface-enhanced Raman spectroscopy-based sandwich immunoassay were developed for antigen detection by well oriented antibodies [32] .
Inspired by all the n ew concepts and progress mentioned above, a 
EXPERIMENTAL DETAILS
Materials and instruments
Unless noted, all reagents were purchased from commercial suppliers and used as received without further purification. All chemicals were of analytical grade. De-ionized water (DI-water) was used throughout. The R6G/8-AQ co-functionalized Fe 3 O 4 @SiO 2 NPs were characterized using Nicolet Fourier transform infrared spectroscopy (FTIR). Fluorescence and ζ-potential were acquired on a FluoroMax-4 spectrometer (Horiba Jobin Yvon) and Zetasizer 3000HSa, respectively. Proton nuclear magnetic resonance ( 1 H NMR) and 13 C NMR spectra were measured on a Bruker Avance 400 MHz spectrometer using CDCl 3 solvent containing tetramethylsilane (TMS) as an internal standard. All NMR spectra were recorded at room temperature.
Preparation of the amine-functionalized Fe 3 O 4 NPs
Fe 3 O 4 NPs were synthesized according to a previous report [28] without addition of any stabilizer or dispersant. Some modif ications were made to optimize the structure of the NPs 
Preparation of the core/shell Fe 3 O 4 @SiO 2 NPs
Briefly, ethano l solution (5 mL) containing 40 mg of the as-prepared Fe 3 O 4 NPs was mixed with 1 mL NH 3 ·H 2 O (28%), 10 mL anhydrous ethanol, 10 mL DI-water and 500 μL tetraethoxysilane (TEOS) in 10 mL ethanol solution, followed by ultra-sonication for 20 min . Then the product was washed with ethanol and DI-water in turn for two or three times respectively. The products were separated by an external magnet and dried at 60 o C.
Synthesis of the [N-(quinoline-8-yl)-2-(3-triethoxysilylpropylamino)-acetamide] (QIOEt)
Achloroacetyl derivative of 8-aminoquinoline (QIOEt) was synthesized through the way reported by Rastogi et al. [28] . Briefly, 8-aminoquinoline (0.2818 g, 1.95 mmol), chloroacetyl chloride (200 μL) and pyridine (200 μL) were added into CH 2 Cl 2 (50 mL) refluxing at room temperature for 2 h. After washing with HCl, NaOH and saturated NaCl solutions respectively, the solvent was evaporated in the vacuum dry box. The brown-yellow remain was solubilized in the CH 3 CN (40 mL) followed by adding 3-aminopropyltriethoxysilane (3-APTES, 300 μL) and anhydrous Na 2 SO 4 (0.2020 g). And then this solution was refluxed at 90 o C for 4 h. After cooling to room temperature, the solution was filtered and the solvent was removed under the reduced pressure. The brownish-yellow resultant was characterized by 1 H NMR (Fig. S5) and 13 C NMR. (Fig. S6) Preparation of the R6G/8-AQ co-functionalized Fe 3 O 4 NPs R6G (0.46 mmol) in 30 mL anhydrous ethanol was mixed with 1 mL 3-APTES. The mixture was refluxed at 80 o C for 6 h. After cooling down to room temperature, the solvent was then evaporated through reduced pressure distillation. The resultant solid was diluted with 5.0 mL anhydrous toluene, denoted as suspension 1. (Fig. 2b) . The two transmission peaks at 1637 and 887 cm -1 shown in the FTIR spectrum (Fig. 2c) proves the existence of free -NH 2 group (from ethylenediamine) on the amine-functionalized Fe 3 O 4 NPs. Transmission electron microscopy (TEM) observation (Fig. 2d ) reveals that the Fe 3 O 4 NPs are entrapped into the silica shell after being treated with TEOS, and a shell thickness of about 20-30 nm is formed. The ζ-potential of these NPs changes to -46.8 mV due to the -OH groups on the silica shell surfaces [33] , which makes these NPs have excellent dispersibility in aqueous solution. All experiments were performed at ambient temperature (at pH 7.0).
Characterization of the R6G/8-AQ co-functionalized Fe 3 O 4 @ SiO 2 NPs
The surface of the Fe 3 O 4 @SiO 2 NPs is co-modified by the organosilane R6GOEt and QIOEt, as shown in Fig. 1 (Fig. 3a) , and the fluorescence intensities vary approximately linearly with the Hg 2+ concentrations in a certain concentration range, where I F and I 0 refer to the fluorescence intensities of the R6GOEt-modified Fe 3 O 4 @ SiO 2 NPs with and without Hg 2+ , respectively (Fig. 3b) . The R6GOEt-modified Fe 3 O 4 @SiO 2 NPs also show excellent selectivity to Hg 2+ (Fig. 3c) . In addition, the corresponding fluorescence titration curve of the R6G/8-AQ co-functionalized Fe 3 O 4 @SiO 2 NPs with Hg 2+ is shown in Fig. 4a , and a lower detection limit of 1.0×10 -9 M is obtained, estimated according to the 3σ International Union of Pure and Applied Chemistry criteria. It is recognized that the addition of Hg 2+ may switch R6GOEt to the ring-opened state, which is fluorescent [34] . In the new ratiometric sensor, the binding of Hg 2+ can also lead to the switch-on of fluorescence res- 
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occurred in the presence of alkali, alkaline metals or the transition metals (Fig. S7 ). However, with addition of Zn 2+ , a remarkable enhancement in the fluorescence intensity at 480 nm was observed, revealing that the R6G/8-AQ co-functionalized Fe 3 O 4 @SiO 2 NPs has good selectivity to Zn 2+ . It can be explained that the intra-molecular H-binding in 8-AQ leads to the proton transfer from the amine to the heterocyclic nitrogen atom in the excited-state [30] . This excited-state proton-transfer coupled with a photoinduced electron transfer from the 8-amino residue to the quinoline nitrogen atom would strongly suppress the fluorescence of 8-AQ derivatives [30] . However, Zn 2+ could interrupt the excited state proton transfer in 8-AQ derivatives, thus fluorescence enhancement was observed with the addition of Zn 2+ . As Zn 2+ has a filled d-shell and is not capable of one-electron redox activity, Zn 2+ cannot contribute to the electron transfer or energy transfer mechanism. It should be noted that the fluorescence intensity of the QIOEt is further increases after being grafted onto the NPs. And the average coverage of QIOEt on the R6G/8-AQ cofunctionalized Fe 3 O 4 @SiO 2 NPs can be estimated as shown in Part S3 (Supplementary information). Nevertheless, there are unreacted silanol groups pres ent on the surface of the silica shells as shown in the FTIR spectrum of the unmodified Fe 3 O 4 @SiO 2 NPs (Fig. S8b) . The silanol group might form hydrogen bonding with the NH group of QIOEt, which might partially suppress the proton transfer from the NH group to the heterocyclic nitrogen atom within (Fig. 4b) , and the lower detection limit for Zn 2+ is 5 pM under the current experimental conditions, which is much lower than that of the 1.0×10 -6 M QIOEt solution (Fig. S9 ). This might be ascribed to the better solubility of QIOEt after being attached to the Fe 3 O 4 @SiO 2 NPs. The linear detection range i s from 3.3×10 -9 to 3.96×10 -8 M (Fig. 4d) , as the equation shown below, without Zn 2+ , respectively. As such, the ring-opening amide form of R6GOEt has strong absorption at around 510 nm, and there is a significant spectral overlap between the fluorescence emission of QIOEt and the absorption spectra of the R6GOEt-Hg 2+ (Fig. S10) 
